Development of new antimycobacterial agents for Mycobacterium avium complex (MAC) infections is important particularly for persons coinfected with human immunodeficiency virus. The objectives of this study were to evaluate the in vitro activity of 2,4-diamino-5-methyl-5-deazapteridines (DMDPs) against MAC and to assess their activities against MAC dihydrofolate reductase recombinant enzyme (rDHFR). Seventy-seven DMDP derivatives were evaluated initially for in vitro activity against one to three strains of MAC (NJ168, NJ211, and/or NJ3404). MICs were determined with 10-fold dilutions of drug and a colorimetric (Alamar Blue) microdilution broth assay. MAC rDHFR 50% inhibitory concentrations versus those of human rDHFR were also determined. Substitutions at position 5 of the pteridine moiety included ™CH 3 , ™CH 2 CH 3 , and ™CH 2 OCH 3 groups. Additionally, different substituted and unsubstituted aryl groups were linked at position 6 through a two-atom bridge of either ™CH 2 NH, ™CH 2 N(CH 3 ), ™CH 2 CH 2 , or ™CH 2 S. All but 4 of the 77 derivatives were active against MAC NJ168 at concentrations of <13 g/ml. Depending on the MAC strain used, 81 to 87% had MICs of <1.3 g/ml. Twenty-one derivatives were >100-fold more active against MAC rDHFR than against human rDHFR. In general, selectivity was dependent on the composition of the two-atom bridge at position 6 and the attached aryl group with substitutions at the 2 and 5 positions on the phenyl ring. Using this assessment, a rational synthetic approach was implemented that resulted in a DMDP derivative that had significant intracellular activity against a MAC-infected Mono Mac 6 monocytic cell line. These results demonstrate that it is possible to synthesize pteridine derivatives that have selective activity against MAC.
Dihydrofolate reductase (DHFR) is a key enzyme in the folate metabolic pathway that is necessary for the biosynthesis of RNA, DNA, and protein. The enzyme is an important target for medicinal chemistry (5) , and inhibitors for it have been used in anticancer (methotrexate [4] ), antibacterial (trimethoprim [9] ), and antimalarial (pyrimethamine [24] ) chemotherapy. DHFR is present in all cells and is necessary for the maintenance of intracellular folate pools in a biochemically active reduced state (18) . Enzyme inhibition is effective because binding affinities for substrate analogs are so great that they are not readily displaced by the natural substrates (18) . Inhibition results in depletion of intracellular reduced folates, which are necessary for one-carbon transfer reactions. Onecarbon transfer reactions are important for the biosynthesis of thymidylate, purine nucleotides, methionine, serine, glycine, and many other compounds necessary for RNA, DNA, and protein synthesis (13) . Some bacteria have an uptake system for folates, but most require de novo folate synthesis. Reduction of dihydrofolate to tetrahydrofolate is, however, a universal requirement (13) .
Although DHFR does not represent a new target, there is still enthusiasm for the development of improved derivatives of this class of inhibitor (1, 5, 18, 22, 25, 26) , particularly with regard to mycobacteria (7, 15, 16, 17, 19, 28, 29 ; W. J. Suling, R. C. Reynolds, J. R. Piper, V. Pathak, E. W. Barrow, L. E. Gundy, S. Z. V. Ginkel, L. Westbrook, and W. W. Barrow, Abstr. 39th Intersci. Conf. Antimicrob. Agents Chemother., abstr. 339, 1999). A unique feature of DHFR is the selectivity that is possible in the design of inhibitors. This makes it an ideal "old" target for rational and effective drug design for antimycobacterial agents. The antifolate drug trimethoprim is perhaps the best example of selectivity. However, trimethoprim is a poor inhibitor of Mycobacterium avium complex (MAC; 28). Results reported here support the hypothesis that new antifolates can be developed for treatment of mycobacterial infections.
The antifolate compounds evaluated in this investigation are derivatives of 2,4-diamino-5-methyl-5-deazapteridine (DMDP), having structures similar to the trimetrexate/piritrexim class of antifolates ( Fig. 1 ). Due to an interest in new antimycobacterial drugs, several DMDP inhibitors were chosen from the Southern Research Institute chemical repository for screening against MAC. We had previously reported on antimycobacterial activity by 12 of these derivatives for Mycobacterium tuberculosis and MAC (28) . At the same time, DMDP derivatives were also reported active against MAC by Shoen et al. (27) . As an extension of that work, we report on the results of further studies with other newly synthesized DMDP derivatives with regard to activity against MAC. Most of these derivatives showed good activity against three strains of MAC, with MICs ranging from Ͻ0.13 to 1.3 g/ml. As a result, the derivatives were also evaluated for their ability to inhibit MAC recombinant DHFR (rDHFR) activity. This was compared to their inhibition of purified human rDHFR. Evaluation of selective enzyme inhibition by the 77 DMDP derivatives led to the synthesis of a 78th derivative that showed significant activity against intracellularly replicating MAC.
(Some of this research was presented at the 39th Interscience Conference on Antimicrobial Agents and Chemotherapy, San Francisco, Calif., 26 to 29 September 1999.)
MATERIALS AND METHODS
Synthesis of DMDP derivatives. The structures of the compounds used in the present study are presented below (see Tables 2 through 5 ) and are numbered consecutively as 1 through 78. The compounds were synthesized according to the method of Piper et al. (22) . The synthesis of each particular class of analogs was carried out by the exact procedures that are well described by Piper et al. (22) , and these descriptions need not be duplicated here. In general, the appropriate 5-substituted 5-deaza-6-bromomethylpteridine was reacted with the desired, commercially available thiophenol or aniline to obtain the S-or N-linked analogs, respectively. The 10-CH 2 -linked analogs were prepared by Wittig coupling of the reaction product of triphenylphosphine and 5-methyl-5-deaza-6-bromomethylpteridine with the appropriately substituted and commercially available benzaldehyde derivative followed by catalytic hydrogenation (22) . All compound structures were verified by mass and 1 H-labeled nuclear magnetic resonance (NMR) spectroscopy. Sample purity was assessed by thin-layer chromatography (TLC) and elemental analysis; all compounds gave single spots by TLC and were within acceptable combustion parameters (0.4%). It is notable that these compounds do not have defined melting points, but generally decompose above 300°C. The full experimental details of these compounds are available in the reference of Piper et al. (22) or will be reported elsewhere (unpublished data). As examples of these preparations, both compound 1 (SRI-8686) and compound 78 (SRI-20094) are presented.
Preparation of compound 1. To dissolve as much material as possible, 2,4-diamino-5-methyl-5-deaza-6-cyanopteridine (3.0 g, 0.015 mmol) was stirred with glacial acetic acid (342 ml) with warming (Ͻ50°C). After a brief period, the suspension was cooled to ambient temperature and both 2,5-diethoxyaniline (2.98 g, 0.016 mmol) and Raney Nickel (4.995 g of a 50% slurry in water) were added, and the reaction was placed in a hydrogenation apparatus under H 2 pressure (atmospheric) with vigorous stirring. After several hours, the reaction had absorbed the required H 2 , and stirring was halted. The reaction was left standing under H 2 pressure overnight. After removal of remaining hydrogen, the reaction mixture was filtered through a celite pad, and the solid was rinsed with glacial acetic acid until the washings were clear. The filtrate was concentrated under vacuum and diluted with 342 ml of H 2 O, and the pH was adjusted to 9 to 10 with concentrated ammonia. The resulting suspension was placed in the refrigerator overnight, and the suspension was filtered the following morning to yield 3.312 g of crude material after drying under vacuum (P 2 O 5 , 25°C). This material was further purified by dissolving in 250 ml of hot dimethylformamide (DMF) drying onto 16.56 g of flash silica gel (220 to 400 mesh) under high vacuum, and then loading onto a flash chromatography column packed with 352 g of flash silica gel and 4:1 chloroform/methanol with 1% glacial acetic acid. Elution with the same solvent gave three separate pools of fractions containing the major product. After evaporation, the middle pool gave 0. Preparation of compound 78. As an alternative to the catalytic hydrogenation method described previously, the synthesis of SRI-20094 represents a direct coupling of an aniline derivative with 2,4-diamino-5-methyl-5-deaza-6-bromomethylpteridine. 2,5-Dipropoxyaniline (500 mg, 1.24 mmol) was dissolved in DMF, and the solution was flushed with dry nitrogen. 2,4-Diamino-5-methyl-5-deaza-6-bromomethylpteridine (500 mg, 2.38 mmol) was added, and the reaction was stirred for 24 h. Next, the reaction was diluted with water and neutralized with saturated NaHCO 3 . The suspension was filtered, and the solid was washed with water followed by diethylether. Drying under vacuum yielded 210 mg of the crude material, and this material was further purified by dissolving in a minimum of hot DMF and drying on 2.0 g of silica gel (60 to 120 mesh) followed by column chromatography. The powder was placed on a small column packed with silica gel (60 to 120 mesh) loaded with 7:1 chloroform/methanol and 1% concentrated NH 4 OH. Elution with the same solvent gave several pure fractions that were combined and dried to yield 35 mg of pure SRI-20094 5 CFU/ml and used as the inoculum. The assay used a 96-well (U-shaped) microtiter plate and a format designed to accommodate seven compounds in four log 10 dilutions. The assay plates also contained uninoculated drug and medium controls and viability controls. Each test compound was dissolved in dimethyl sulfoxide (DMSO), then diluted in broth at twice the desired concentration, and 0.05 ml was added to duplicate assay wells. The highest concentration of DMSO in the assay medium was 1.3%. DMSO did not affect growth at this concentration. Each plate was then inoculated with 0.05 ml of standardized culture and the plates were incubated at 37°C for 6 or 13 days, depending on the assay strain. The REDOX indicator Alamar Blue (Acumed International, Inc., Westlake, Ohio) was then added to each well as a mixture with Tween 80, and the plates were incubated for an additional 18 to 22 h. The plates were read in an optical microtiter plate reader programmed to subtract the absorbance at 600 nm from that at 570 nm to blank out turbidity and absorbance due to oxidized dye. The MIC was reported as the lowest concentration of drug yielding a differential absorbance of zero or less. This approximated the color change of blue to red that was observed visually after metabolic reduction of dyes and represented the concentration at which no visible growth occurred. Trimethoprim or ethambutol was used as a positive control.
Human rDHFR. Purified human rDHFR, which was generated using a recombinant system in Escherichia coli (23) , was provided by Anatrace (Maumee, Ohio). According to the supplier, the enzyme has properties identical to those isolated from human cells as reported by Delcamp et al. (8) , and it contained an equimolar concentration of enzyme and dihydrofolate.
Recombinant MAC DHFR. The MAC DHFR gene was cloned into the vector pET15b at the NdeI, BamHI restriction sites and expressed in E. coli strain BL21(DE3)pLysS as a fusion protein with a His tag (34) . The plasmid was grown in Luria-Bertani broth containing 34 g of chloramphenicol per ml and 50 g of ampicillin per ml at 28°C to an optical density of 0.6 at 600 nm, then was induced with 0.1 mM isopropyl ␤-D-thiogalactopyranoside for 20 h. The cells were harvested and lysed on ice in a buffer containing 5 mM imidazole, 500 mM NaCl, 20 mM Tris (pH 7.9), 20 g of DNase per ml, 10 mM MgCl 2 , 22 g of leupeptin per ml, 20 g of pepstatin A per ml, 0.5 mM phenylmethylsulfonyl fluoride, and 0.1% Triton X-100. The insoluble proteins were removed by centrifugation, and the soluble proteins were purified by binding the His tag portion of the fusion protein to a His bind (Novagen, Inc., Madison, Wis.) resin column and elution with a 5 to 500 mM imidazole salt gradient in a buffer containing 500 mM NaCl and 20 mM Tris-NCl (pH 7.9). All steps were carried out at 4°C. Fractions with DHFR activity were pooled, and the buffer was exchanged to 5 mM imidazole-500 mM NaCl-20 mM Tris-HCl (pH 7.9) with a PD 10 column (Pharmacia), at 4°C. The His tag fusion protein was then removed by cleavage with 0.5 U of thrombin per mg of recombinant protein for 1 h on ice. The recombinant DHFR was stabilized throughout the purification by the addition of bovine serum albumin (1 mg/ml) and was stored at Ϫ70°C. DHFR assay and enzyme inhibition studies. DHFR activity of both human and MAC enzymes was measured at 30°C as the decrease in absorbance at 340 nm (34) . The reaction mixture (1 ml) contained 10 mM 2-mercaptoethanol, 0.1 mM NADPH, 0.1 mM dihydrofolate, 1 mM EDTA, 55 mM potassium phosphate (pH 7), and enzyme. The reaction was initiated by the addition of dihydrofolate after preincubation of the other components for 3 min. For inhibition assays, various amounts of inhibitor were added to the mixture before the 3-min preincubation period. The 50% inhibitory concentration (IC 50 ) was determined from a plot of the log 10 of the drug concentration versus percent inhibition as the is the average of two or more determinations. The amount of enzyme used for the inhibition assays was about 0.0024 U/ml, which yielded a mean rate plus or minus standard deviation of Ϫ0.036 Ϯ 0.0046 per min for MAC DHFR and Ϫ0.029 Ϯ 0.0026 for human DHFR. Linearity was maintained for Ͼ7 min. One unit of enzyme is defined as the amount which reduces 1 mol of dihydrofolate per min using a molar extinction coefficient of 12,300 M Ϫ1 (14) . The selectivity ratio was determined as the ratio of the human DHFR IC 50 to the MAC DHFR IC 50 .
Intracellular efficacy. Intracellular efficacy for compounds 1 (SRI-8686) and 78 (SRI-20094) was assessed by using a previously described method involving the Mono Mac 6 monocytic cell line (MM6; 2, 31). MM6 cells were obtained from the German Collection of Microorganisms and Cell Cultures, Braunschweig, Germany. The MM6 was originally established by H. W. L. ZieglerHeitbrock, Institute of Immunology, University of Munich, Germany (33) , and it is a human acute monocytic leukemia cell line. This cell line has been previously used by us (2, 31) and others (30) to examine effectiveness of antimycobacterial drugs against intracellularly replicating M. tuberculosis. MM6 cells were maintained in RPMI 1640 containing 10% (vol/vol) fetal calf serum, 2 mM L-glutamine, nonessential amino acids, 1 mM sodium pyruvic acid, and 9 g of bovine insulin (Sigma Chemical Co., St. Louis, Mo.) per ml (MM6 medium). Cells were routinely assayed to verify absence of mycoplasma contamination using the Gen-Probe Mycoplasma Rapid Detection System (Gen-Probe, San Diego, Calif.).
Preparation of mycobacteria for infection of monocytes. Before infection of MM6, MAC strain NJ3404 was initially grown in Middlebrook 7H9 (Difco) containing 0.2% glycerol and 10% oleic acid albumin-dextrose-catalase (Difco). After the mycobacteria had reached exponential phase, they were dispersed by vortexing with glass beads, and clumps were allowed to settle for 30 min (20) . The supernatant was removed, aliquoted, frozen at Ϫ70°C, and then thawed and used for infection by resuspension in appropriate cell culture medium. Actual CFUs per milliliter were determined by preparation of serial dilutions in Dulbecco's phosphate-buffered saline (DPBS; Mediatech, Inc., Herndon, Va.) and plating on 7H10 agar.
Infection of monocytes. Before infection, MM6 cells were adjusted to 8 ϫ 10 5 cells per ml, and 0.5 ml per well was dispensed in 12-well tissue culture dishes (Corning Costar Corp., Cambridge, Mass.). The MAC cells were then added to the MM6 cells to achieve a final ratio of 10 mycobacteria per macrophage, with a density of 4 ϫ 10 5 MM6 cells per 1.0 ml per well. After infection for 24 h, the infected MM6 cells were collected by centrifugation (200 ϫ g) and washed twice with DPBS to remove any unphagocytosed mycobacteria. The cells were then replated at a density of 4 ϫ 10 5 cells per 1.0 ml per well, with appropriate wells containing drug preparations, and the plates were incubated at 37°C with 5% carbon dioxide. One milliliter of fresh medium was added at day 4, and infection continued until CFU assay at day 7.
Determination of CFU. The determination of CFU at zero hour was conducted by first lysing the monocytes with 0.25% (wt/vol) sodium dodecyl sulfate in DPBS and then plating serial dilutions onto 7H10 agar plates (31) . As a means of decreasing viscosity, 5 l (5 U of activity) of RQ DNase (Promega Corp. Madison, Wis.), with MgSO 4 (5 mM), was added to each well following addition of sodium dodecyl sulfate, and the plates were incubated at 37°C for 20 min (31). The plating procedure was repeated at 7 days, and CFU were enumerated after 10 to 14 days of incubation of cultures.
Macrophage viability assays. Cell viability was determined by means of an MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide [thiazolyl blue]) cytotoxicity assay (Sigma), modified in our laboratory as described previously (2, 31) . Viability is reported as a percentage of the nontreated cells.
RESULTS

In vitro activity of DMDP derivatives against MAC strains.
In vitro inhibition was evaluated against three MAC strains (NJ168, NJ211, and NJ3404) for 50 of the DMDP derivatives (Table 1) . MAC strain NJ168 was consistently the most resistant of the three strains tested. With this strain, four derivatives had MICs of Ͼ13 g/ml ( ). The MICs of most of the 50 compounds for all three strains were Յ1.3 g/ml, with NJ168 having the least (38 derivatives [76%]). Both strains NJ211 and NJ3404 had 43 derivatives (86%) with MICs of Յ1.3 g/ml. Strain NJ168 was used to screen an additional 27 derivatives. Of those 27 derivatives, 24 had MICs of Յ1.3 g/ml (ϩϩϩ and ϩϩϩϩ [ Table 1 ]), for a total of 62 out of 77 (81%). More significant is the fact that, out of all the derivatives tested against each strain, 39% had MICs of Յ0.13 g/ml for NJ168, and 64% and 71% had MICs of Յ0.13 g/ml for NJ211 and NJ3404, respectively. The antibacterial DHFR inhibitor trimethoprim had an MIC of Ͼ13 g/ml for all three strains (data not shown).
Enzyme inhibition assays with DMDP derivatives. Using MAC and human rDHFR, 77 DMDP derivatives were evaluated initially for their ability to inhibit enzyme activity. In this assay, the IC 50 s of trimethoprim, trimetrexate, and piritrexim for the human rDHFR were Ͼ350,000, 4.7, and 4.4 nM, respectively. The IC 50 s of the same three drugs for the MAC rDHFR were 4,100, 1.0, and 1.4 nM, respectively (data not shown).
The DMDP analogs contained modifications in three areas, the 5 position, the linking atom in the 10 position of the bridge, and the aromatic nucleus attached to the 10 position. The results are reported in Tables 2 through 4 and are based on structural similarity of derivatives in each group. Table 2 contains the data obtained from those derivatives having a ™CN™ bridge and substitutions on the attached phenyl ring, denoted as R2, R3, R4, R5, and R6. The 5-substituent (R1) also had various modifications. Table 3 contains similar derivatives but having alternative aromatic-ring systems instead of a phenyl group attached to the bridge nitrogen. Table 4 contains derivatives similar to those in Table 2 except that the bridge nitrogen was replaced with either a ™CH 2 ™ or ™S™.
Derivatives with modifications at the 5-position and substitutions on the phenyl group. In the case of the 5-substituent (R1), we evaluated 5-H, 5-CH 3 , 5-CH 2 CH 3 , and 5-CH 2 OCH 3 . Only two compounds were tested that had the 5-H substitution (compounds 26 and 32 [ Table 2 ]); therefore, it was not possible to make any conclusive evaluation regarding selectivity. It appeared that the 5-H substitution may have modestly improved selectivity; the selectivity ratio was increased only by about threefold (compounds 26 versus 43 [ Table 2 ]). The 5-H substitution, however, lowered the activity for both human and MAC rDHFR when compared to the 5-CH 3 substitution (compound 26 versus 43 and compound 32 versus 18 [ Table 2 ]). Several direct comparisons were available in the 5-CH 2 CH 3 and 5-CH 2 OCH 3 substitutions. These substitutions in general resulted in decreased activity for both enzymes versus their 5-CH 3 counterparts, and in contrast to the 5-H substitution, they did not improve the selectivity ratio. For example, a comparison of compound 2 with compounds 6 and 29 (Table 2) showed that substitution on the 5-position of a ™CH 2 CH 3 or ™CH 2 OCH 3 yielded a reduction in the selectivity ratio from 909 to 357 and 12.9, respectively. Thus, the optimum substitution at the 5-position was ™CH 3 .
An overall evaluation of the data presented in Table 2 suggested that the 5-CH 3 substitution and substitutions at the 2Ј (R2) and 5Ј (R5) positions on the phenyl ring resulted in an optimal selectivity ratio. The best examples for this comparison are compounds 15, 7, 4, 2, and 1 (Table 2) , which demonstrated an increase in the selectivity ratio from 62 to 2,738, respectively. This 44-fold improvement was obtained by extended modifications at the 2Ј and 5Ј positions.
Derivatives with complex ring substituents attached to the ™CN™ bridge. Sixteen derivatives were evaluated with modifications involving heterocyclic ring substitutions attached to the ™CN™ bridge. Although many of the compounds had good activity versus MAC DHFR, selectivity for the MAC compared to the human enzyme was poor except for tetrahydronaphthyllinked compounds 52 and 53 (Table 3 ). The selectivity ratio for these compounds was 374 and 153, respectively.
Derivatives involving modification of the bridge molecules. We also evaluated modifications of the 10-position bridging atom from a nitrogen to a ™CH 2 ™ or ™S™. Although only 10 derivatives in this classification were examined, results suggested that modifications at this position might result in improved selectivity. For example, a comparison of compound 68 (Table 4 ) with 20 (Table 2) revealed that substitution of the ™CH 2 NH™ bridge with ™CH 2 CH 2 ™ caused a 66-fold decrease in activity for the human rDHFR, resulting in an increase in the selectivity ratio from 23.4 to 660 (28-fold). Interestingly, the alkyl substitutions on the phenyl ring of the above compounds are at the R3 and R5 positions. In contrast, the same does not apply for those derivatives with substitutions on the R2 and R5 positions. For example, a comparison of compounds 76 (Table  4) and 2 (Table 2) , in which the ™CH 2 NH™ bridge is substituted with ™CH 2 CH 2 ™, showed that this modest alteration resulted in such a decrease in activity against the MAC rDHFR that the selectivity ratio was reduced from 909 to 57 (16-fold) .
A small number of compounds were evaluated wherein the ™X-linkage was replaced by ™S-(eight compounds [ Table 4 ]). It is interesting to note that all of the ™S-substituted linkages were selective for the MAC enzyme. It is also notable that in every comparison of pairs except one (compounds 70, 72, 73, and 75 in Table 4 versus 43, 18, and 2, in Table 2 and 62 in  Table 3 , respectively) the ™S-linkage was significantly more selective than the 10-aza counterpart. Unfortunately, the one exception is a critical case; the 2Ј,5Ј-dialkoxy (R2, R5) substitution yielded the greatest selectivity in the 10-aza linkage, and the 2Ј,5Ј-dimethoxy analog (compound 2 [ Table 2 ]) is about ninefold more selective than its ™S-linked counterpart (compound 73 [ Table 4 
]).
A small sample set (Table 2 , compounds 3, 19, and 30 versus 1, 47, and 20, respectively) was screened in which both the ™NH™ and ™NCH 3 ™ were available with the same substitution pattern for comparison. In two instances, the substitution of a ™CH 3 for a ™H at the 10-aza group reduced selectivity by increasing inhibition of the human enzyme with little or no change in activity against MAC rDHFR. However, in one instance (compound 19 versus 47), the activity against the human enzyme was decreased by over 10-fold with a small effect on the MAC enzyme inhibition, giving an almost 8-fold increase in selectivity. Tables 2 through 4 , we chose the derivative with the highest selectivity ratio for intracellular efficacy evaluation. Compound 1 was evaluated in the MM6 cells by using concentrations of 0.1 and 1.0 g/ml. Unfortunately, excessive loss of MM6 viability at the end of the 7-day experimental period for the highest concentration (i.e., 1.0 g) prevented proper assessment of data and indicated that use of higher concentrations would not be successful for the same reason. Because of these results, we evaluated the enzyme data (Table 2) in an attempt to rationalize improvements that could be made to reduce toxicity to the human cell line.
Intracellular efficacy of compound 1 (SRI-8686). Based on the data presented in
Based on our results with regard to substitutions at the R2 and R5 positions (Table 2) , we hypothesized that further alkyl extension at these positions would improve the selectivity ratio by decreasing the activity for the human DHFR. If such a modification could be made while maintaining activity for the MAC DHFR, then it should be possible to demonstrate significant intracellular efficacy because toxicity to the cell lines would be reduced. As a result, compound 78 (SRI-20094) was synthesized with ™O(CH 2 ) 2 CH 3 substitutions at the R2 and R5 positions. To demonstrate the rationale for our experimental approach, this derivative is given in Table 5 , along with similar data already reported for other DMDP derivatives in the same series (Tables 1 and 2 ). As the data suggest, further extension at the R2 and R5 positions resulted in decreased activity (threefold) for the human rDHFR with continued mainte- nance of activity for the MAC DHFR (Table 5 ). This yielded a selectivity ratio of 7,300.
Intracellular efficacy of compound 78 (SRI-20094).
Intracellular efficacy of compound 78 was evaluated in MM6 cells using concentrations of 0.5 and 1.5 g/ml. Results revealed that compound 78 was able to reduce MAC CFUs at 0.5 and 1.5 g/ml in the MM6 cell model (Fig. 2) . Significant CFU reductions of 0.65 and 0.73 log, respectively, were observed for the 0.5-and 1.5-g/ml concentrations (P Ͻ 0.001) (Fig. 2) . At the end of the 7-day experimental period, viability of the MM6 cells was determined by the MTT assay (see above). Viability of the cells treated with 0.5 and 1.5 g/ml was 79 and 76% of the nontreated control, respectively.
DISCUSSION
Previous reports suggest that DMDP derivatives might be developed into clinically useful antimycobacterial drugs (27, 28) . We therefore conducted this study to determine the structure-activity relationships of several DMDP derivatives as antimycobacterial agents against MAC and as selective inhibitors of MAC DHFR. All derivatives were modified to test the impact of key substitutions on binding and selectivity of the compounds for mycobacterial DHFR versus the human enzyme, while retaining the critical 2,4-diaminopyrimidine portion of the deazapteridine nucleus that is so critical for protonation in the active site of DHFR enzymes (3). The resulting salt bridge between the inhibitor and enzyme forms the basis for the potent binding and inhibition of these antifolate drugs. Selectivity for eukaryotic versus prokaryotic DHFRs is generally driven through alterations outside of this critical binding function (3) . Therefore, while most of the DMDP derivatives had good antimycobacterial activity against MAC, we found that enzyme inhibition and selectivity for the MAC rDHFR could be dramatically improved by making certain chemical substitutions at strategic positions on the molecule.
In the case of the 5-substituent (R1 in Table 2 ), four groups were evaluated, 5-H, 5-CH 3 , 5-CH 2 CH 3 , and 5-CH 2 OCH 3 . It has been reported in other systems that the 5-H versus 5-CH 3 substitution confers a greater decrease in activity against human DHFR than other DHFRs, resulting in higher selectivity (12) . In this study, only a modest increase in selectivity was observed but always at the expense of enzyme inhibition. It is clear from X-ray data in other systems that the 5-CH 3 substitution optimally occupies a hydrophobic pocket in the DHFR enzyme. This observation is true for the human enzyme as well as homology models derived for the mycobacterial enzymes (R. C. Reynolds, unpublished results). The larger 5-substituent ™CH 2 CH 3 generally had only a modest effect on inhibition of the human enzyme while slightly increasing the IC 50 against the MAC enzyme. Thus, the selectivity ratios generally dropped slightly. When a larger substituent such as a 5-CH 2 OCH 3 was tested, it was clear that enzyme inhibition was significantly and negatively impacted, confirming that the 5-CH 3 substitution optimally fills this hydrophobic cleft within the DHFR enzyme.
In the bridge linker region (™X™), a variety of linkers were evaluated (X ϭ ™NH™ or ™NCH 3 [ Table 2 ]; X ϭ ™CH 2 ™ and ™S™ [ Table 4 ]). However, the majority of derivatives contained a 10-aza linkage. Our results with a small sample set (compounds 3/1, 19/47, 30/20 [ Table 2 ]), in which ™CH 3 replaced the ™H on the bridge nitrogen, indicated generally that this substitution enhanced the inhibition of human DHFR while activity decreased for MAC DHFR. Others have reported a mixed trend in activity for other DHFRs with this substitution on DMDP derivatives (10, 11) . It is difficult to argue a trend with such a small data set. It will be necessary to investigate a small number of ™NCH 3 ™ derivatives of other highly active, selective ™N-linked analogs to further investigate the effect of this substitution.
When we assayed a limited number of derivatives in which the bridge nitrogen was replaced with a sulfur atom, we found that the ™S-linked derivatives were more active against the MAC DHFR than the human DHFR. Also, except for the 2Ј,5Ј-dimethoxy-substituted derivative 73 (Table 4) , all of the ™S-linked derivatives yielded a higher selectivity ratio than their ™N-linked counterparts. However, as mentioned previ- ously, the 2Ј,5Ј-dialkoxy, 10-aza-linked derivatives had the highest selectivity ratios. Thus, it may not be true that the selectivity of any highly active sample can be improved by changing the 10-aza linkage to a 10-thia linkage. A different mode of binding for the ™S-linked compounds versus the highly selective ON-linked-2Ј,5Ј-dialkoxy compounds in the MAC enzyme may explain why the selectivity of some samples is improved while the highly potent and selective 2Ј,5Ј-dialkoxy compounds actually decrease. It may be possible, however, to enhance the selectivity of other less selective but potent inhibitors by altering the linkage from nitrogen to sulfur. For example, some of the halogen-and trifluoromethyl-substituted compounds were active against both the MAC and human enzymes. It will be worthwhile to make the equivalent ™S-linked analogs to test this hypothesis (compare compound 72 [ Table 4 ] versus 18 [ Table 2] ). There are only two examples of a ™CH 2 -substituted bridge linkage in our data set (Table 4 ). With such a limited sample, the results are equivocal in terms of a clear trend in enzyme inhibition with this linkage alteration. Again, it would appear that for the potent and selective 2,5-dimethoxy analog, this alteration (compound 2 [ Table 2 ] versus 76 [ Table 4 ]) reduced selectivity although this result came by decreasing activity against both enzymes; human inhibition was decreased 2.7-fold whereas MAC inhibition was reduced about 40-fold. In the case of the 3,5-dimethoxy substitution (compound 20 [ Table 2 ] versus 68 [ Table 4 ]), selectivity was enhanced from 23.4 to 660 by altering the ™NH™ linkage to a ™CH 2 ™ linkage. Enzyme inhibition was again lessened, but only slightly for MAC (0.64 nM versus 1.5 nM) versus about 66-fold for human enzyme (15 nM versus 990 nM). Therefore, substitution at the 3,5-position of the ™C-linked deazapteridine system may be fruitful for developing other active, selective DHFR inhibitors.
The remaining portion of the DMDP analogs that requires discussion is the substituted aromatic ring (R 2 through R 6 ) attached through the linkage to the 6 position of the deazapteridine ring system (Table 2) . In certain cases, these substitutions have been discussed above, relative to other changes in the molecule. In general, we next discuss the 5-CH 3 ™10-aza system, since more predictive data are available. Several substitution patterns stand out. The 2Ј,4Ј,6Ј-trisubstituted analogs appeared to show good selectivity and activity (compounds 5 and 10 [ Table 2] ). No 2Ј,6Ј-or 4Ј,6Ј-disubstituted analogs were evaluated in this study. Based on this small data set of compounds, it will be worthwhile to pursue a modest number of analogs to probe the 2Ј,4Ј-, 2Ј,6Ј-, 4Ј,6Ј-, and 2Ј,4Ј,6Ј-substitution patterns in order to enhance selectivity and potency. It was the 2Ј,5Ј-dialkoxy substitution that showed a clear trend towards higher selectivity while retaining nanomolar potency against the MAC enzyme. The 2Ј,5Ј-dimethoxy analog (compound 2 [ Table 2 ]) was quite active against MAC (MIC Յ 0.13 g/ml). This analog inhibited MAC rDHFR at 1.1 nM versus . MM6 cells were infected with MAC strain NJ3404 as described in Materials and Methods. CFUs were determined in triplicate at 0 and 7 days for nontreated ( E ) cells and those treated with 0.5 g ( F ) of compound 78 per ml and 1.5 g ( s ) of compound 78 per ml. Values represent the mean plus or minus standard error of the mean for triplicate assays. The differences between the mean values for the cells treated with 0.5 g and 1.5 g of compound 78 per ml versus the nontreated control cells were both significant at a P value of Ͻ0.001. Significance was determined by one-way analysis of variance, and a correction for multiple comparisons (posttest) was performed by the TukeyKramer multiple-comparisons test using InStat (GraphPad Software). 1,000 nM for the human enzyme, giving a good selectivity ratio of 909. Extension of the methoxy moiety at the R2 and R5 positions (i.e., diethoxy analog 1 [ Table 2 ]) was similarly more active against the MAC rDHFR (0.84 nM), while the activity against the human enzyme decreased to 2,300 nM for a selectivity ratio of 2,378. Further extension at the R2 and R5 positions resulted in a derivative with decreased potency for the human rDHFR but continued activity for the MAC DHFR (compound 78 [ Table 5 ]). This improvement reduced the toxicity of the series further and allowed for the demonstration of intracellular efficacy in the MM6 cells. Clearly, other substitutions at the 2Ј,5Ј position of the phenyl ring would be fruitful in order to develop more selective and potent inhibitors of MAC DHFR. Studies are in progress to improve the potency of the DMDP derivatives. It is interesting to note that Piper et al. (22) previously investigated the activity of several of the DMDP derivatives reported here, but against Pneumocystis carinii and Toxoplasma gondii DHFR. These investigators concluded that, in general, compounds with a 2Ј,5Ј-disubstituted phenyl group are better in potency and selectivity than compounds substituted on other positions of the phenyl group. In summary, our results support the conclusion that DMDP derivatives can be developed which are highly active against MAC and which have minimum toxicity to the host. However, a comparison of our results with those reported by others for trimethoprim (21) suggests that further improvement of the selectivity ratio by about 10-fold is needed to achieve this goal. Trimethoprim, a clinically effective antibacterial agent and DHFR inhibitor, has reported IC 50 s for E. coli DHFR of 5 to 8 nM while the IC 50 s for rat liver DHFR are 2.6 ϫ 10 5 to 3.7 ϫ 10 5 nM (21) . These data give a selectivity ratio of 32,500 to 74,000. The selectivity ratio for compound 78 was 7,300. Further studies are in progress to improve the activity of DMDP derivatives against MAC and to assess their efficacy in an animal model. Providing that structural modifications can be made to increase the IC 50 for the human DHFR, while maintaining selective potency against the MAC DHFR, we feel that it will be possible to increase the selectivity ratio to levels comparable to those observed in other bacterial systems with trimethoprim. This should result in a DHFR inhibitor that can be used effectively to treat MAC infections, providing that other factors such as cell uptake of drug and pharmacologic parameters are favorable.
It is important to note that, although initial in vitro screening of these DMDP derivatives with MAC demonstrated good activity (27, 28) , no clear rational synthetic approach was possible until enzyme inhibition data were obtained. Preliminary studies with M. tuberculosis have revealed that most of the DMDP derivatives presented here show less in vitro activity against whole cells (Suling et al., 39th ICAAC, abstr. 339). The results of subsequent preliminary studies with M. tuberculosis rDHFR have suggested that the lower activity is due to differences in inhibitor binding with the enzyme (W. J. Suling, unpublished data). Thus, additional studies utilizing recombinant M. tuberculosis DHFR will be useful in organizing a rational synthetic approach for improved activity against M. tuberculosis. Those studies are also in progress.
